Abstract To evaluate a heat-shock condition for the enumeration of Clostridium sporogenes spores, a surrogate for C. botulinum spores, we examined the heat tolerance of C. sporogenes spores and vegetative cells exposed to a heat shock at 90 
Introduction
Clostridium sporogenes PA 3679 is a non-pathogenic, putrefactive, spore-forming anaerobe, and its spores have been successfully used as an excellent surrogate for modeling thermal inactivation processes of Clostridium botulinum type A and B spores (1) (2) (3) (4) . Furthermore, C. sporogenes has a distinguished value as the only possible surrogate for proteolytic strains of C. botulinum, belonging to the genus (5) .
In both modeling and validating thermal sterilization processes for inactivating C. botulinum spores, it is essential to obtain accurate information on inoculum size and spore survival of C. sporogenes and hence to provide reliable data on the heat resistance and thermal inactivation of C. sporogenes spores. In general, the viable spores of C. sporogenes are counted after subjecting samples to a heatshock (or heat-activation) treatment, i.e., a condition of 90 o C for 10 min used in other studies validating thermal sterilization processes (6, 7) , and conventional conditions of 70 o C for 30 min (8, 9) and of 80 o C for 20 min (10) (11) (12) ; the spores are used in the unheated controls in these studies and not the samples that are heated. Any of the cited combinations are believed to be sufficient to activate spores and to inactivate vegetative cells of any strains tested. Considering the importance of activating spores and maximizing germination rates (13) , however, clear scientific evidence is required to support the belief that a heat-shock treatment may be suitable to activate spores.
Recently, there has been a revival of interest in validating and improving the procedure for enumeration of Bacillus spores by using different heat-shock treatments (14) . On the other hand, less work has been done on C. sporogenes spores which are of importance in validating thermal inactivation of C. botulinum spores. Furthermore, to our knowledge, surprisingly, no study has been reported providing scientific evidence that a heat-shock condition of 90 o C for 10 min commonly used by industry people in the United States is appropriate to activate C. sporogenes spores. In this study, therefore, we first examined the degree of tolerance of C. sporogenes spores and vegetative cells to a heat shock at 90 o C, and observed the behavior of both spores and vegetative cells during the heat-shock treatment. Next, we evaluated a heat shock at 90 o C for 10 min used to activate C. sporogenes spores in different food samples in our previous study and compared the results with those obtained under 2 different conventional heatshock conditions which have been the most widely used for activating the spores in literature. To the best of our knowledge, this is the first study describing the behavior of both spores and vegetative cells of C. sporogenes during heat-shock treatment.
Materials and Methods
Microorganism Clostridium sporogenes PA 3679 (ATCC 7955; American Type Culture Collection, Rockville, MD, USA) spores were obtained from the Center for Technical Assistance of the former National Food Processors Association (NFPA, Dublin, CA, USA). The spore suspension was divided into cryogenic sterile vials (Fisher Scientific, Pittsburgh, PA, USA) and kept at −20 o C until use. The initial concentration of the stock suspension was approximately 10 6 CFU/mL, which was determined by the enumeration procedure described below.
Preparation of vegetative cells
To prepare a pure culture of vegetative cells in stationary phase, a multiple stage inoculation procedure was employed with minor modifications (15) . The procedure utilized TPGY medium consisted of 50 g of tryptone, 20 g of yeast extract, 5 g of peptone, 4 g of dextrose, and 1 g of sodium thioglycolate (Difco, Becton Dickinson, Sparks, MD, USA) in 1 L of distilled water (16) . Ten mL of TPGY broth were inoculated with 10 µL stock spore suspension and incubated for 2 days at 32 o C in an anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI, USA) containing an atmosphere of 95% nitrogen and 5% hydrogen (Oxarc Inc., Spokane, WA, USA). Subsequently, 10 mL of TPGY broth was inoculated with 0.1 mL of the previous culture, which was followed by incubation under the same conditions. To obtain a purified suspension of vegetative cells, the culture was washed 3 times by centrifugation in an Eppendorf 5415C microcentrifuge (Brinkmann Instruments Inc., Westbury, NY, USA) at 14,000×g for 10 min at 4 o C, resuspended in 10 mL of M/15 Sörensen's phosphate buffer (Na 2 HPO 4 5.675 g, KH 2 PO 4 3.63 g in 1 L of distilled water, pH 7.0). The purified vegetative cell suspension was immediately subjected to heat treatment as described below. The concentration of the vegetative cell suspension was approximately 10 6 CFU/mL, which was determined by the enumeration procedure described below.
Enumeration of spores and vegetative cells The spore suspension sample was placed in a 90 o C water bath for 10 min to stimulate germination of the spores and to kill vegetative cells. After heat treatment, the suspension was cooled in a crushed ice water bath and serially diluted in sterile 0.1% peptone water. One mL of each serially diluted sample was pour-plated using molten (45 o C) TPGY agar. Solidified plates were incubated for 3 days at 32 o C in an anaerobic chamber. The colonies were manually counted after 72 h of incubation and the numbers of spores were calculated from duplicate plating.
Enumeration of vegetative cells was made essentially by the same procedure, except for the heating step.
Determination of heat resistance of spores The D values (time required for a 10-fold reduction in viable counts) of C. sporogenes spores were determined using the multiple-point method (17) . Test spore suspension was injected into a glass capillary tube with an inner diameter of 1.8 mm and an outer diameter of 3 mm (Corning Inc., Corning, NY, USA) using a pipette and then the open ends of the tubes were heat sealed. The tubes were immersed completely in an oil bath (Thermo Electron Corporation, Waltham, MA, USA) and heated between 113 and 121 o C for different time intervals depending on temperature used. After heating, the tubes were removed from the oil bath, cooled immediately in a crushed ice water bath, and washed in 70% ethyl alcohol. Both ends of tubes were cut aseptically and the contents flushed out with 3 mL of sterile 0.1% peptone water. To enumerate spore survival, the treated suspension was serially diluted in sterile 0.1% peptone water. One mL of each serially diluted sample was pour-plated using TPGY agar, incubated in an anaerobic chamber, and then the colonies were manually counted, as described previously.
Survivor curves were plotted on a semi-log chart (log (19) .
where, D x is the D value (min) at a temperature
The inactivation rates of the spores at different temperatures from 70 to 100 o C were estimated using an Eq. 3.
where, R is inactivation rate (%), N 0 is the initial number of spores, N is the number of inactivated spores, t is heat treatment time (min), and D is D value (min) at a temperature used.
Heat activation of spores and measurement of D value of vegetative cells To investigate the responses of spores and vegetative cells of C. sporogenes to heat-shock treatments, we used a test tube method (17) . A test suspension containing either spores (diluted, 10 3 CFU/mL) or vegetative cells (10 6 CFU/mL) was dispensed into a preheated 13-mm glass test tube (VWR International, West Chester, PA, USA) containing sterile 0.1% peptone water. The tubes sealed tightly with lids were immersed in a water bath at 90 o C and heated for different time intervals given in Fig. 1 and 2 . After heating, the tubes were removed from the water bath, cooled immediately in a crushed ice water bath. The heat-treated suspension was serially diluted in sterile 0.1% peptone water. One mL of each serially diluted sample was pour-plated using TPGY agar, incubated in an anaerobic chamber, and then the colonies were manually Table 3 ) to stimulate germination of the spores. The heat-treated suspension was treated as described above for enumerating spores. The colonies were manually counted after 72 h of incubation and the numbers of spores were calculated from duplicate plating. Data obtained from 2 independent experiments were compared to evaluate different heat-shock conditions. Statistical analysis Data were obtained from 2 independent experiments performed in duplicate and presented as mean ±standard deviation (SD). The significance of differences was determined by one-way analysis of variance (ANOVA) with Tukey's and Fisher's pairwise comparison module of the Minitab statistical software, version 12.11 (Minitab Inc., State College, PA, USA) and differences with p<0.05 were considered statistically significant.
Results and Discussion
Heat resistance of C. sporogenes spores To obtain information on the degree of tolerance of C. sporogenes spores to heating at different temperatures, we first examined the D and z values of the spores. As shown in Table 1 To support this observation that C. sporogenes spores have a strong tolerance to heating at 90 o C, we estimated the inactivation rates of the spores at different temperatures, using Eq. 3. The estimated inactivation rates are presented in Table 2 . As expected, the inactivation rate of the spores was approximately 2% under heat-shock conditions of 90 o C for 10 min. Longer exposures to this temperature beyond 10 min (up to 30 min) were estimated to lead to somewhat increased inactivation rates (approximately 4-6%). This, together with the fact that C. sporogenes spores have an extremely high D 90°C value of over 1,000 min than the values at higher temperatures, implies that the spores protect themselves well against a heat shock of up to 10 min at 90 o C.
Behavior of spores and vegetative cells of C. sporogenes under heat-shock condition It was attempted to observe the behavior of spores and vegetative cells during the time period of heat-shock exposure at 90 o C. As shown in Fig. 1 , the viable counts of C. sporogenes spores significantly increased for the first 3 min (p<0.05) and remained constant for the next 4 min (p>0.05). Since the spores activated for over 9 min showed slightly, but significantly (p<0.05), higher viable counts as compared to when they were exposed to the heat shock for shorter time periods, it seemed likely that the heating for 9-10 min was optimal to activate spores at 90 o C. To support this, we compared this condition with conventional heat-shock conditions. The results are shown below.
Meanwhile, heat-shock conditions for the enumeration of spores should be sufficient to inactivate vegetative cells of any strains of spore-forming bacteria, like Bacillus and Clostridium (16, 21) ; otherwise it may cause major errors in the accuracy of spore counts. To test if C. sporogenes vegetative cells can survive under a heat-shock condition of 90 o C for 10 min, therefore, we exposed vegetative cells (2×10 5 CFU/mL) to the heat-shock condition and observed that more than 99.5% of the cells lost their viability (data not shown). To further support this observation, we determined the D value (±SD) of the vegetative cells heated at 90 o C. As shown in Fig. 2 , a log-linear survivor curve for the vegetative cells was obtained at this temperature where inactivation occurred. From the slope of this curve, the D 90°C value (±SD) of C. sporogenes Table 2 . Predicted D values and inactivation rates of C. sporogenes spores at potential heat-shock temperatures
Inactivation rate of spores (%) after heat treatment (min) D value was predicted using an Eq. 1 obtained from a slope of the linear regression of log D value vs. temperature.
2)
Inactivation rate was estimated using an Eq. 3.
3)
Conventional heat-shock temperature Values were calculated from 2 independent experiments performed in duplicate.
vegetative cells was calculated to be 0.21±0.01 min, implying that the heat tolerance of the vegetative cells is extremely low as compared with that of spores, as expected. Taken together, it can be concluded that the heatshock condition of 90 o C for 10 min is effective in inactivating C. sporogenes vegetative cells.
Activation of C. sporogenes spores has been conducted under several different heat-shock conditions (8-12,22) . However, little information is available regarding inactivation of vegetative cells under heat-shock conditions. To date, several studies on the heat resistance of vegetative cells have been carried out with C. perfringens (19, 23, 24) . On the other hand, little study has been found in literature on the heat resistance of C. sporogenes vegetative cells. In this study, it turned out that while the number of activated spores of C. sporogenes gradually increases until the viable spore count reaches a maximum, the number of vegetative cells decreases logarithmically, as a function of exposure time at 90°C. This is in agreement with the observation that C. sporogenes spores (D 90°C value of 1,071.52 min) had a much greater tolerance at this temperature than vegetative cells (D 90°C value of 0.21 min), even though considering a possible tailing and shouldering of the thermal death time curve at a low temperature. Therefore, it can be suggested that, under a heat-shock condition of 90 o C for 10 min for activating C. sporogenes spores, the probability of vegetative cell survival is negligible.
Meanwhile, when we exposed vegetative cells (about 3× (Table 1) . Furthermore, the come-up time (the time to reach the desired temperature) of capillary tubes that contain spore suspension to be tested for heat resistance is approximately 3 s at this temperature (25, 26) . This body of information therefore indicates that the presence of vegetative cells in a given suspension and/ or food sample does not affect the enumeration of spore survivors after exposure to 121
Comparison of viable spore counts of C. sporogenes spores activated under different heat-shock conditions If heat-shock treatment is too severe, the damage will be so strong that the spores cannot repair themselves and the viable spore counts will be smaller, compared with conventional and mild heat-shock conditions. Therefore, we compared a heat shock at 90 Table 3 , the viable spore count of a spore suspension enumerated after a heat shock at 90 o C for 10 min was found to be 3.17±0.04 log CFU/mL, which showed no statistically significant differences as compared with those enumerated after conventional heat-shock treatments (3.11±0.05 log CFU/mL, 70 o C for 30 min; 3.17±0.05 log CFU/mL, 80 o C for 20 min). Together with the fact that the inactivation rate of the spores was expected to be exceedingly low under the heatshock condition of 90 o C for 10 min, as described above, these experimental comparative data suggest that this heatshock treatment activates C. sporogenes spores, with no significant loss of viability of the spores, when compared with the other conventional heat-shock conditions tested. It is worth noting that the heat shock of 10 min at 90 o C evaluated herein activates quickly C. sporogenes spores, as compared to the other conventional heat-shock conditions.
The shortest time period of heat activation for C. sporogenes spores found in literature was 8 min when the spores were heat-shocked in a boiling water bath (22) . However, the heat-shock condition seems to be too severe, considering the inactivation rates (10-20%) of spores estimated in this study, which may lead to inaccurate enumeration of inoculum size and survival and thereby to failure of validation of thermal sterilization processes. Due to this, the results obtained in this study strongly suggest that the viability loss of spores should be considered when evaluating the efficiency of heat-shock conditions. Meanwhile, Powell and Hunter (27) reported that as heating temperature increased, the heating time required to deliver the same rate of germination decreased in a non-linear fashion. Similarly, we observed that a 10 o C decrease in heating temperature leads to the requirement of an increase in heating time of 10 min in the present study (Table 3) . Taken together, it seems likely that the heating temperature of 90 o C would be the highest we can achieve while activating spores quickly (within 10 min) and avoiding the loss of spore viability.
Implication of the study Lack of accuracy of the viable counts of C. sporogenes spores may lead to a failure to Values were determined from serially diluted samples to approximately 10 3 CFU/mL in sterile 0.1% peptone water to give a statistically valid range of colonies, and 2 independent experiments were performed in duplicate; Mean values in the same column that are followed by the same letter are not significantly different (p>0.05; both Tukey's and Fisher's tests).
2)
Conventional heat-shock condition provide reliable data on the heat resistance and thermal inactivation of the spores, which can cause difficulty in both modeling and validating thermal sterilization processes for inactivating C. botulinum spores. In the previous studies, we have validated thermal sterilization processes using different food samples inoculated with C. sporogenes spores that were activated under a heat-shock condition of 90 o C for 10 min (6,7). However, although this heat-shock treatment has been used by industry people and even by our colleagues in the Microwave Sterilization Consortium in the United States, there have been no reports addressing the question of whether a heat shock of 10 min at 90 o C is an effective way to activate spores and to kill vegetative cells of C. sporogenes and thereby to provide reliable counts of C. sporogenes spores with no viability loss, compared with conventional and mild heat-shock conditions. Because of this, we have demonstrated herein that under a heat-shock condition of 90 o C for 10 min an accurate and rapid enumeration of the viable counts of C. sporogenes spores could be made, providing data on the D values of both spores and vegetative cells. Thus, we expect that the information provided in this study would be helpful in supporting the accuracy of enumeration data being used for the verification of thermal sterilization processes.
In conclusion, this study indicates that a heat-shock condition of 90 o C for 10 min would be appropriate to quickly activate C. sporogenes spores and to eliminate the possibilities of the viability loss of spores and survival of vegetative cells, which is likely to be of advantage in enumerating the viable counts of C. sporogenes spores. Moreover, with the information on heat tolerance of C. sporogenes provided in this study, it is expected to overcome lack of knowledge of the behavior of both spores and vegetative cells of C. sporogenes during heat treatments. In addition, the findings from this study would be useful for any studies involving inhibition or inactivation of C. sporogenes spores.
